V aricella-zoster virus (VZV) is an alphaherpesvirus causing chickenpox (varicella) during primary infection and shingles (herpes zoster) following reactivation from a latent infection. Following initial exposure to the virus, there is a 10-to 21-day incubation period before the appearance of the varicella rash. During this time it has been proposed that VZV actively evades immune recognition in this period, since the development of adaptive immunity is delayed (reviewed in reference 1). We have postulated that VZV infection of dendritic cells (DCs) and/or modulation of the immune function of these potent antigen-presenting cells would provide a strategy that would enhance the capacity of the virus to be transported from the site of inoculation to the draining lymph nodes to infect T cells while also evading immune detection.
V aricella-zoster virus (VZV) is an alphaherpesvirus causing chickenpox (varicella) during primary infection and shingles (herpes zoster) following reactivation from a latent infection. Following initial exposure to the virus, there is a 10-to 21-day incubation period before the appearance of the varicella rash. During this time it has been proposed that VZV actively evades immune recognition in this period, since the development of adaptive immunity is delayed (reviewed in reference 1). We have postulated that VZV infection of dendritic cells (DCs) and/or modulation of the immune function of these potent antigen-presenting cells would provide a strategy that would enhance the capacity of the virus to be transported from the site of inoculation to the draining lymph nodes to infect T cells while also evading immune detection.
We have previously shown that VZV can productively infect human DCs in vitro and in vivo (2, 16, 22) . These studies included demonstration that productively infected immature monocytederived DCs (MDDCs) are unable to upregulate the functionally important immune molecules CD80, CD83, CD86, major histocompatibility complex I, and CCR7, which are required for DC maturation and induction of an effective antiviral immune response (2) . The expression of the immune molecules inhibited by VZV are largely regulated by the nuclear factor B (NF-B) signal transduction pathway (4, 6, (12) (13) (14) . The NF-B signal transduction pathway is an important regulator of innate immunity and inflammation that is triggered by a wide variety of stimuli, including virus infection, tumor necrosis factor alpha (TNF-␣), and other cytokines and pathogens (26, 29) . Activation of the NF-B pathway via pattern recognition receptors results in the phosphorylation of inhibitor of B kinase complex (IKK), which in turn phosphorylates IB, targeting it for ubiquitination and degradation, allowing NF-B proteins (p50 and p65) to translocate into the nucleus and bind to promoters containing NF-B response elements, initiating transcription of target genes (reviewed in references 26 and 29) .
Herpesviruses encode multiple proteins that function in immune evasion, and several herpesvirus proteins target and disrupt the NF-B pathway. Viral genes encoded by Epstein-Barr virus (19, 27, 28) , cytomegalovirus (23, 34) , and herpes simplex virus 1 (HSV-1) (3, 9, 24) have been identified to regulate the NF-B pathway in a cell type-dependent manner. Jones and Arvin (17) reported that VZV inhibits the NF-B pathway in human fibroblasts in vitro and in vivo following the phosphorylation and ubiquitination of IB␣ but prior to the translocation of NF-B proteins into the nucleus.
In the present study, we sought to extend these studies and examine the effect of VZV on the NF-B pathway within VZVinfected human MDDCs. Using flow cytometry, immunofluorescent staining, and Western blotting, we establish the point where VZV impacts the NF-B pathway in VZV antigen-positive DCs. In addition, using a transient-transfection approach and flow cytometry, we identified the E3 ubiquitin ligase domain of VZV ORF61 as responsible for the inhibition of TNF-␣-induced NF-B re-incubation with a final resuspension in fluorescence-activated cell sorting (FACS) buffer (1ϫ PBS containing 1% FBS and 0.2% sodium azide) before acquisition using FACScanto (Becton Dickinson) and analysis using FlowJo analysis software. The cells were incubated with the appropriate isotype control antibodies in parallel. A signal exceeding the level of 98% of the isotype control cell sample was considered to be positive for the cell-specific antibody staining.
TNF-␣-stimulated 293FT cells cotransfected with hemagglutinin (HA)-tagged expression constructs and pNFB-hrGFP reporter (Stratagene/Agilent Technologies, Australia) were washed twice in 1ϫ PBS and fixed using 1ϫ PBS containing 1% PFA. Cells were washed twice in 1ϫ PBS before permeabilization using 100% ice-cold methanol incubated at Ϫ20°C for 30 min. Cells were washed twice in 1ϫ PBS and resuspended in FACS buffer. Anti-HA-Alexa Fluor 647 antibody was diluted 1:50 in FACS buffer and incubated for 30 min at room temperature. The cells were washed twice in FACS buffer and resuspended in 400 l of FACS buffer prior to analysis with FACScanto and FlowJo software. 293FT cells not exposed to TNF-␣ and no-plasmid DNA transfection controls were performed in parallel.
FACS. Cells were washed twice in 1ϫ PBS and resuspended in 500 l of FACS buffer per 2.5 ϫ 10 6 cells. Anti-CD1a-APC (20 l/2.5 ϫ 10 6 cells) and anti-VZV-mixed epitope-FITC (3.5 l/2.5 ϫ 10 6 cells) primary antibodies were incubated for 20 min at 4°C in the dark. The cells were washed three times in FACS buffer, resuspended in FACS buffer (3 ϫ 10 6 cells/ ml), and sorted immediately using FACS Vantage (Becton Dickinson). Cells were sorted to positively select for CD1a ϩ VZV ϩ cells. To establish nonspecific background staining, the cells were incubated with appropriate isotype control antibodies, and a signal exceeding the level of 98% of the isotype control cell sample was considered to be positive for the cell surface-specific antibody staining. Mock-infected cells were stained in parallel using CD1a-APC antibody only and sorted for CD1a ϩ cells. The purity of DCs after sorting was typically Ͼ98% for mock-infected DCs and Ͼ93% for VZV-infected DCs. Sorted DCs were used for subsequent immunofluorescence staining or Western blot analyses.
Western blot. Cells were incubated for 10 min in lysis buffer (50 mM Tris [pH 7.4], 240 mM NaCl, 0.5% NP-40, 10% glycerol, and 0.1 mM EDTA) containing a protease inhibitor cocktail (Roche, Australia). Cell lysates for immunoblotting with phospho-specific antibodies were lysed using PhosphoSafe extraction reagent (Merck, Australia) according to the manufacturer's instructions. Proteins were resolved by 12% polyacrylamide gels (Bio-Rad, Australia), transferred to Hybond-P polyvinylidene difluoride (PVDF) membrane (Amersham, United Kingdom), with nonspecific sites blocked using 5% skim milk powder in 1ϫ TBST (Trisbuffered saline containing 0.1% Tween 20) for at least 1 h. Primary antibodies were incubated for 1 h or overnight diluted in 5% skim milk powder or 5% bovine serum albumin-TBST, respectively. Membranes were washed in 1ϫ TBST for three 5-min intervals, and secondary antibody conjugated to horseradish peroxidase was incubated for 1 h, followed by three 5-min TBST washes, and exposed using the ECL Plus detection system (GE Healthcare, Australia). Densitometry was performed using Kodak Image Station 4000MM (Carestream Health, Inc.) to quantify the relative protein amounts detected by Western blotting.
Immunofluorescence staining and confocal microscopy. Immunofluorescence staining was performed as previously described (15) . At least 2 ϫ 10 5 cells were spotted onto glass slides. Primary antibodies were incubated for 1 h at room temperature, and secondary antibodies were incubated for 45 min. Slides were mounted using Prolong Slowfade Gold with DAPI (4=,6=-diamidino-2-phenylindole; Invitrogen), and confocal analysis was performed using an Olympus FV1000 confocal microscope. The percentages of cells with NF-B p50 or p65 nuclear localized staining were determined by counting 100 cells per slide.
Plasmids and transfection. A series of plasmids was used, developed in the vector pGK2-HA (parental construct) (11) , and designated pGK2-ORF61-HA, pGK2-ORF64-HA, pGK2-ORF47-HA, pGK2-ORF2-HA, pGK2-ORF21-HA, pGK2-ORF23-HA, and pGK2-ORF49-HA depending on the indicated ORF. Each was generated by PCR amplification of the complete ORF from VZV, using primers designed with flanking restriction sites (either EcoRI or MfeI at the amino end and either BclI, BamHI, or BglII at the 3= end) for ligation into the pGK2-HA construct. All ORFs contain an amino-terminal HA tag for antibody recognition. Plasmid pIRES2-ORF61-DsRED2 was generated by PCR amplification of the complete ORF61 sequence from VZV S strain, using primers designed with flanking EcoRI and BamHI sites to facilitate cloning into EcoRI and BamHI sites of pIRES2-DsRED2 (Clontech). Fugene HD (Promega) was utilized for transfection of 293FT cells according to the manufacturer's instructions using a DNA/Fugene ratio of 2:6. The cells were seeded 24 h prior to transfection, so they were 30% confluent at time of transfection. Transfected cells were harvested at 48 h posttransfection and analyzed by flow cytometry or Western blot analysis.
Site-directed mutagenesis. QuikChange II XL site-directed mutagenesis kit (Stratagene/Agilent Technologies) was used to construct pIRES2-ORF61 C19G (C19G; disrupt RING finger) (31), pIRES2-ORF61 Q62_START (M1T, M23T, M33T, and Q62M; express following RING finger domain), pIRES2-ORF61 Q62_STOP (Q62Stop; express RING finger domain), and pIRES2-ORF61 Q139_STOP (Q139Stop; express E3 ubiquitin ligase domain) according to the manufacturer's instructions. Primers were designed using PrimerX software, with sequences available upon request. All mutations were confirmed by sequencing using Australian Genome Research Facility. Protein expression was confirmed by flow cytometry and Western blot analysis.
NF-B reporter assay. The day prior to transfection 293FT cells were seeded into six-well plates so they were 30% confluent at time of transfection. The cells were transfected using Fugene HD with 2 g of pNFBhrGFP (Stratagene/Agilent Technologies) reporter construct and 1 g of DsRED2-or HA-tagged expression construct. TNF-␣ (20 nM) was added at 24 h posttransfection, followed by additional culture for a further 24 h before the cells were harvested and analyzed by flow cytometry using FACScanto and FlowJo software as described above. The percentages of VZV ORF ϩ GFP ϩ cells were normalized to the respective parental plasmid, pIRES2-DsRED2 or pGK2-HA. (2) . It has also been reported that VZV actively inhibits NF-B signal transcription pathways within infected fibroblasts in vitro and in vivo (17) . Given the importance of NF-B signal transduction pathways in regulating expression of functionally important immune molecules expressed by DCs, we sought to determine whether VZV modulated NF-B signaling within human DCs.
RESULTS

VZV infection prevents NF-B p50 and p65 translocation into the nuclei of DCs. VZV infection of immature DCs inhibits their maturation in vitro
We first investigated the cellular localization of the NF-B subunits, p50 and p65, via immunofluorescent staining and confocal microscopy, within VZV-infected DCs. Human MDDCs were infected using an established cell-associated method of infection by using VZV rOKA-infected fibroblasts (HFFs) to infect immature DCs at a DC/fibroblast ratio of 2:1 (2, 22) . DCs were differentiated from the HFF inoculum using CD1a immunostaining, a marker for DCs (2) . Since our infection protocol does not result in 100% of the DCs becoming infected (2), the cells were also stained with anti-VZV antigen antibody (VZV-mixed epitope-FITC) and subjected to FACS to select for VZV ϩ CD1a ϩ DCs. The purity of VZV ϩ CD1a ϩ sorted populations was typically 93 to 98%. Mockinfected MDDCs were immunostained in parallel, and CD1a ϩ cells were isolated by FACS. Figure 1 shows the localization of p50, and Fig. 2 shows the distribution of the p65 subunit.
VZV-infected DCs and mock-infected DCs were spotted onto glass microscope slides, fixed, permeabilized, and stained with anti-NF-B p50 or p65 antibody (red), along with an anti-VZV gE antibody (green). In parallel, this staining was also performed on TNF-␣-treated uninfected HFFs and uninfected DCs (as positive controls for activation of the NF-B pathway), uninfected HFFs (as a negative control for activation of the NF-B pathway), as well as VZV-infected HFFs, as a control for the inhibition of NF-B activation (17) . In parallel, duplicate cell spots were stained with isotype control antibodies to establish background fluorescence. All immunostained slides were then analyzed by confocal microscopy.
Mock-infected DCs did not stain for VZV antigens, and the majority of the cells showed predominant cytoplasmic localization of NF-B p50 and p65 subunits, indicating an inactive NF-B pathway ( Fig. 1A and 2A ). On average, 31 and 29% of the mockinfected DCs showed nuclear staining for NF-B p50 and p65, respectively. NF-B p50 and p65 localized to the nucleus in 100% of DCs treated with TNF-␣ (Fig. 1B and 2B) , a finding consistent with activation of the NF-B pathway. In stark contrast, VZV ϩ CD1a ϩ DCs showed an average of only 8% of cells with NF-B p50 localized to the nucleus (Fig. 1C) . NF-B p65 within VZV ϩ CD1a ϩ DCs localized predominantly to the cytoplasm with no detectable nuclear location (Fig. 2C ). This indicates that VZV prevents NF-B subunits from translocating into the nucleus of VZV antigen-positive cells. In a side-by-side comparison, the NF-B pathway within unstimulated HFFs was predominantly inactive, as demonstrated by cytoplasmic NF-B p50 and NF-B p65 staining within 67 and 100% of the uninfected cells, respectively ( Fig.  1D and 2D) , and active within TNF-␣-treated HFFs, with NF-B p50 localized to the nucleus of 83% of cells and NF-B p65 localized to the nucleus of 100% of cells within this group (Fig. 1E and  2E ). In VZV infection of HFFs, typically 80% of the HFFs were positive for VZV antigen, and an average of 20% of VZV antigenpositive HFFs showed NF-B p50 localized to the nucleus, with 4% of cells with nuclear localized NF-B p65 ( Fig. 1F and 2F) , suggesting that the NF-B pathway is predominantly inactive within these cells. We conclude that VZV efficiently prevents nuclear localization of NF-B subunits in DCs.
Four replicate experiments were quantified for the percentages of cells with nuclear localization of NF-B proteins ( Fig. 1G and  2G ). The VZV-infected DCs had a greatly reduced ability to activate the NF-B pathway, as indicated by the predominant cytoplasmic localization of both NF-B p50 and p65 subunits. Taken together, these results establish VZV modulation of the NF-B pathway by sequestering NF-B protein subunits, p50 and p65 in the cytoplasm of infected DCs.
VZV does not downmodulate the expression of NF-B pathway stimulatory receptors-TLR3, TLR8, TLR9, TNFR-1 or TNFR-2-within infected DCs. The NF-B pathway was subsequently examined for upstream events known to trigger NF-B p50 and p65 nuclear translocation. Immune receptors that stimulate the NF-B pathway include Toll-like receptors (TLRs) and tumor necrosis factor receptors (TNFRs) (26) , so mock-infected or VZV-infected DCs at 48 h postinfection were costained for VZV antigen (VZV gB) and TLR3, TLR8, TLR9, TNFR-1, or TNFR-2 in conjunction with the DC cell surface marker CD1a. We have previously demonstrated that VZV infection of DCs does not affect the cell surface expression of this molecule on DCs (2). Additional controls consisted of mock-infected and VZV-infected DCs immunostained with isotype control antibodies. The cells were then analyzed by flow cytometry to determine the level of expression of each cellular marker on VZV antigen-positive DCs. The mean fluorescence intensities of immune molecule expression by VZV antigen-positive DCs from three independent replicate experiments were averaged and normalized to mock-infected DCs (Fig. 3) . There was no significant difference in the levels of expression of TLR3, TLR8, TLR9, TNFR-1, or TNFR-2 when we compared VZV-infected DCs to mock-infected DCs. These results demonstrate that VZV infection does not inhibit the expression of the NF-B signaling receptors TLR3, TLR8, TLR9, TNFR-1, or TNFR-2 by DCs, suggesting the NF-B pathway may be modulated downstream of these signaling receptors.
VZV infection of DCs induces phosphorylation of IB␣. The activation of the NF-B pathway routinely involves phosphorylation of IB, leading to its ubiquitination and degradation (14, 26) . To assess IB phosphorylation, DCs were mock infected or VZV infected and, at 48 h postinfection, were first immunostained for VZV antigen and CD1a. VZV ϩ CD1a ϩ DCs from infected DC cultures and CD1a ϩ DCs from mock-infected cultures were separated from any remaining HFF inoculum by FACS and then lysed, and the protein extracts were examined by SDS-PAGE and Western blot with antibodies against IB␣ or phosphorylated IB␣ (Fig. 4, phos IB␣) . The relative amounts of each protein were determined by densitometry with all values normalized to expression of ␣-tubulin, which was included as a protein loading control (Fig. 4) . In seven independent replicate experiments, it was observed that whereas unstimulated HFFs showed basal levels of phosphorylation and mock CD1a ϩ DCs demonstrated the presence of low levels of phosphorylated IB␣ (Fig. 4A) , VZV ϩ CD1a ϩ DCs showed the presence of high levels of phosphorylated IB␣ (Fig. 4A) . The average densitometry measurements of seven replicate experiments, normalized to ␣-tubulin and then to mockinfected DC levels (Fig. 4B) , showed that VZV ϩ CD1a ϩ DCs demonstrated a statistically significant increase in the expression of both IB␣ and phosphorylated IB␣ (P Ͻ 0.05). These data demonstrate that impairment of the NF-B pathway in VZV-infected DCs is not a consequence of inhibited phosphorylation of IB␣ since the pathway remains active at this step.
VZV ORF61 inhibits TNF-␣ induced NF-B pathway activation. The inhibition of the NF-B pathway in VZV-infected cells argues in favor of a viral gene product that encodes this function.
To identify viral gene products that modulate the NF-B pathway, we used a transient-transfection approach to assess the ability of individual VZV gene products to inhibit NF-B activity. Due to the low transfection efficiency of DCs (30), 293FT cells were cotransfected with pNFB-hrGFP reporter, along with a plasmid expressing, from the complete cytomegalovirus immediate-early promoter, one of several HA-tagged VZV ORFs: ORF2, ORF21, ORF23, ORF47, ORF49, ORF61, or ORF64. After 24 h, cotransfected cells were stimulated with TNF-␣ to activate the NF-B pathway 24 h prior to harvest. The cells were also stained with anti-HA antibody prior to analysis by flow cytometry. The parental pGK2-HA construct without any VZV ORF expressed a level of green fluorescent protein (GFP) expression indicative of NF-B pathway activation that was set as a value of 1. Three replicate experiments were averaged and normalized to values from the cells transfected with the pGK2-HA control and treated with TNF-␣ (Fig. 5) . Relative to the control, plasmids expressing VZV ORFs (ORF64, ORF47, ORF2, ORF49, ORF21, and ORF23) did not significantly alter TNF-␣-stimulated NF-B reporter activity compared to the parental control. However, pGK2-HA VZV ORF61 showed a striking reduction in TNF-␣-stimulated NF-B reporter activity, with statistical significance (P Ͻ 0.00005). This suggested this viral gene product is at least in part, responsible for inhibiting the NF-B pathway.
VZV ORF61 inhibits TNF-␣-induced IB␣ degradation. Phosphorylation of IB␣ stimulates its ubiquitin-induced degradation, allowing NF-B subunits to translocate into the nucleus VZV-infected DCs were harvested at 48 h postinfection and dual stained for intracellular TLR3, TLR8, or TLR9 or surface stained for TNFR-1 or -2, along with VZV gB. The MFI values were normalized to the respective mock-infected DCs. CD1a was included as a control since its expression should remain unchanged following infection.
FIG 4 Analysis of IB␣ phosphorylation following VZV infection of DCs. (A) Western blot analysis was performed on total cell lysates obtained from uninfected
HFFs, mock-infected CD1a ϩ DCs, and VZV antigen-positive CD1a ϩ DCs separated on a 12% polyacrylamide gel and transferred to PVDF membrane. Blots were probed with antibodies specific for IB␣ or phosphorylated IB␣. All blots were also probed with an antibody against ␣-tubulin as a protein loading control. (B) The results from seven independent replicate experiments were averaged and normalized to ␣-tubulin by densitometry, and the statistical significance was determined using the Student t test ‫,ء(‬ P Ͻ 0.05).
for transcription of target genes (5). However, no decrease in IB␣ was seen following VZV infection of DCs, and the phosphorylation of IB␣ was readily detected. With the identification of ORF61 as an inhibitor of NF-B pathway activity, we sought to determine whether ORF61 functions to inhibit IB␣ degradation, preventing subsequent NF-B p50 and p65 translocation into the nucleus. 293FT cells transiently transfected with pGK2-ORF61-HA and cultured for 48 h, followed by TNF-␣ (20 nM, 5 min) stimulation, showed that IB␣ protein was detected within all transfected 293FT cells following TNF-␣ stimulation (Fig. 6A) . However, densitometric quantification of three replicate experiments, normalized to ␣-tubulin and then to levels in cells transfected with the parent construct (Fig. 6B) , revealed that ORF61 expression construct (pGK2-ORF61-HA) had significantly more IB␣ protein present following TNF-␣ stimulation compared to the parental construct control (P Ͻ 0.05). These findings indicate either that ORF61 protects IB␣ protein from TNF-␣-induced degradation, further defining the mechanism of ORF61-mediated NF-B pathway inhibition, or that ORF61 upregulates the expression of IB␣, which is consistent with previous cell-specific transcriptional activation.
The E3 ubiquitin ligase domain of ORF61 is responsible for inhibiting TNF-␣-induced NF-B pathway activation. To explore the ORF61 inhibition of TNF-␣-stimulated NF-B reporter activity further, ORF61 was expressed using a vector, pIRES2-DsRED2, in which DsRED2 is a second reporter of activity of expression. In the NF-B reporter assay, TNF-␣-stimulated pIRES2-DsRED2-ORF61 expressing 293FT cells re- producibly showed an average 65% reduction in NF-B reporter activity compared to pIRES2-DsRED2 parental control, with statistical significance (P Ͻ 0.005) (Fig. 7B) . Subsequent site-directed mutagenesis was performed to produce mutations within functionally important regions of ORF61 coding sequence within the pIRES2-DsRED2-ORF61 vector (Fig. 7A) . These ORF61 mutant constructs were cotransfected along with pNFB-hrGFP reporter into 293FT cells, stimulated with TNF-␣ 24 h posttransfection, and cultured for a further 24 h. Transfected cells were analyzed by flow cytometry, gating for GFP ϩ DsRED2 ϩ cells, with GFP expression indicative of an active NF-B pathway. The results from three replicate experiments were averaged and normalized to cells cotransfected with the full-length ORF61 construct (Fig. 7B) .
As shown for HA-tagged ORF61 expressing cells (Fig. 5) , cells expressing the full-length ORF61 displayed significantly decreased NF-B reporter activity compared to the parental control, pIRES2-DsRED2 (P Ͻ 0.005). In contrast, the ORF61 mutant constructs ORF61 Q62_STOP, ORF61 Q62_START, and ORF61 C19G lost their capacity to inhibit the TNF-␣-stimulated NF-B reporter activity. Only cells transfected with the ORF61 Q139_STOP construct, which encompasses the E3 ubiquitin ligase domain, retained the capacity to inhibit the NF-B pathway to the level of inhibition seen for full-length ORF61. Based on the protein regions expressed, these results indicate the E3 ubiquitin ligase domain of ORF61 is required to mediate an inhibition of the NF-B pathway. Of note is that a single point mutation in the ORF61 RING finger domain, known to disrupt the E3 ubiquitin-like activity (31) , lost the capacity to inhibit the TNF-␣-stimulated NF-B reporter activity.
DISCUSSION
This study identifies VZV-encoded modulation of the NF-B signaling pathway within infected DCs and identifies the viral gene product of ORF61 as functioning to inhibit this important signal transduction pathway. Given that DCs are proposed as the first immune cells to encounter VZV following inoculation, these results indicate that ORF61 plays an important role in immune evasion of the NF-B signal transduction pathway. This pathway controls transcription of many immune molecules required to initiate an immune response to foreign pathogens, and so disruption of this pathway is likely to suppress critical immune effector capacity of the host cell.
Other herpesviruses modulate the NF-B pathway in a cell type-dependent manner (3, 9, 19, 23, 24, 27, 28, 34) . Our work indicates VZV modulates the NF-B pathway within DCs. The cytoplasmic retention of NF-B protein subunits p50 and p65 indicates that the pathway is modulated prior to their translocation into the nucleus, as shown by immunofluorescence and confocal microscopy. These results are distinct from those reported for HSV-1 infection, where NF-B proteins are translocated into the nucleus of HSV-1-infected C33-A cells (24) . The NF-B pathway in VZV-infected DCs was not modulated by downregulation of TLR3, TLR8, TLR9, TNFR-1, or TNFR-2, which signal the activation of the NF-B pathway, since these were unaffected by VZV infection. This finding is consistent with VZV interfering with NF-B signaling at a point downstream of cell surface (TNFR-1 and TNFR-2) or intracellular receptors which trigger this pathway (TLR3, TLR8, and TLR9).
A critical component of activation of the NF-B pathway is phosphorylation of IB␣ (5). We therefore explored the phosphorylation state of IB␣ in infected DCs. The increase in phosphorylated IB␣ within VZV-infected DCs indicated that the NF-B pathway was able to be activated at this level following infection. In addition, IB␣ protein levels within DCs did not decrease following infection with VZV. Thus, IB␣ can be phosphorylated and is not necessarily degraded following VZV infection of DCs. The NF-B pathway is therefore apparently inhibited following phosphorylation of IB␣ but prior to translocation of NF-B p50 and p65 into the nucleus of VZV-infected DCs. The identification of this step is under further consideration.
We identified VZV ORF61 as a gene responsible for inhibiting TNF-␣-stimulated NF-B reporter expression. VZV ORF61 is transcribed within 1 h of infection; however, it is not a component of the virion, supporting reports of UV-inactivated VZV being unable to inhibit the NF-B pathway within fibroblasts and that de novo gene synthesis is required (17, 18, 33) . ORF61 has also been implicated in the modulation of other cellular pathways, such as the mitogen-activated protein kinase (MAPK) pathways where a significant increase in the phosphorylation of JNK/SAPK and a decrease in p38/MAPK phosphorylation were observed in MeWo cells transfected with ORF61 (25) . ORF61 also downmodulates the IRF3-mediated IFN-␤ pathway by its direct binding to and degradation of IRF3 (35) . We demonstrate that when ORF61 is expressed alone, it is sufficient to inhibit TNF-␣-induced IB␣ degradation, further defining the role of ORF61 in NF-B pathway inhibition. We also showed that the E3 ubiquitin ligase domain of ORF61 is essential for NF-B pathway inhibition, since mutations within this domain rendered ORF61 unable to inhibit NF-B reporter activity. HSV-1 ICP0 and VZV ORF61 share homology within their RING finger domains, which are involved in E3 ubiquitin ligase activity (21) . ICP0 modulates the NF-B pathway in a cell type-dependent manner, as shown by transfection of ICP0 expression constructs into SHSY-5Y and HEK293 cells. Within HEK293 cells stably expressing either TLR2 or TLR4, ICP0 causes inhibition of TLR-mediated NF-B signaling (9) . ICP0 inhibits the NF-B pathway within these cells by binding and transporting the host cell protein USP7, a ubiquitin-specific protease, to the cytoplasm, where it deubiquitinates TRAF6 and IKK␥. The USP7 binding site on ICP0 is within the C-terminal region; due to the homology of ICP0 and ORF61 being restricted to the RING finger domain in the N terminus, it is unlikely that ORF61 encodes this USP7 binding region and therefore inhibits the NF-B pathway in a manner different from that of its HSV-1 homologous protein in HEK293/TLR cells. Expression of ICP0 within SHSY-5Y cells stimulated NF-B reporter activity through the E3 ubiquitin ligase action of ICP0, resulting in ubiquitination and subsequent degradation of IB␣ (10) . Our demonstration that the E3 ubiquitin ligase domain of ORF61 is responsible for the inhibition of NF-B reporter activity indicates that it may be the process of ubiquitination causing the effect; however, protein expression analysis of IB␣ within VZV-infected DCs suggests that IB␣ is not degraded. The Vpu protein of HIV, however, blocks proteasome-dependent degradation of IB␣ by binding to ␤TRCP in the E3 ubiquitin ligase complex that is involved in the regulated degradation of IB␣ (7). This suggests that the E3 ubiquitin ligase activity of ORF61 may have an indirect effect on NF-B proteins.
Although we have shown that ORF61 is a viral factor that downregulates NF-B, we have not yet verified whether it is the only viral factor able to do this. This requires the construction of VZV that lacks the ORF61 protein, particularly in the aminoterminal ring finger domain. Such mutants have proven very difficult to develop. Using a VZV bacterial artificial chromosome (BAC) system, we found that VZV BAC constructs engineered to contain the amino acid substitution within the RING finger domain of ORF61 (C19G) or a stop codon inserted directly after the RING finger domain or a stop codon inserted directly following the E3 ubiquitin ligase domain all resulted in either failure to obtain any recombinant VZV or the reversion of the point mutation to the wild type (M. B. Yee and P. Kinchington, unpublished data). This mirrors previous reports of ORF61 playing an important role in virus replication (8, 33) . Thus, although ORF61 has been identified as functioning to inhibit the NF-B pathway, it remains possible that other VZV gene products may also encode a similar function. In addition, whether the E3 ubiquitin ligase activity of ORF61 exerts a direct effect on NF-B proteins or whether it impacts on the cellular regulators of these transcription factors will be an important focus of future work to delineate the mode of action of ORF61 in suppressing NF-B signaling. The continued presence of phosphorylated IB␣ within VZV-infected DCs indicates that it is not being degraded. Therefore, it would be useful to also investigate ubiquitin/protease pathways that control the degradation of IB␣ following NF-B pathway activation.
In summary, we identify here inhibition of the NF-B signal transduction pathway in VZV-infected human MDDCs, which occurs following phosphorylation of IB␣, but prior to the translocation of NF-B p50 and p65 into the nucleus. We also demonstrate that the immediate-early gene ORF61 inhibits TNF-␣-stimulated NF-B reporter expression, indicating that this viral gene can inhibit NF-B pathway activation. Furthermore, we show that the region of ORF61 important for its inhibitory affects on TNF-␣-stimulated NF-B reporter activity is the E3 ubiquitin ligase domain, indicating that it is the process of ubiquitination that causes this pathway inhibition. During the preparation of this manuscript, Wang et al. (32) presented findings that ORF61 binds SUMO-1 via three SUMO-interacting motifs (SIMs) and that these SIMs were required for ORF61 binding to and disrupting of PML nuclear bodies (32) . That study also reported that ORF61 can act as an inhibitor of TNF-␣-induced NF-B reporter activity in a transient-transfection assay within a melanoma cell line, supporting the results presented here. VZV-encoded modulation of the NF-B pathway may be the mechanistic basis for the observed downregulation of immune molecules in VZV-infected DCs, an important immune evasion strategy of VZV.
